Abstract: Healthy diet is highly important, especially in patients with chronic kidney disease (CKD). Proper nutrition provides the energy to perform everyday activities, prevents infection, builds muscle, and helps to prevent kidney disease from getting worse. However, what does a proper diet mean for a CKD patient? Nutrition requirements differ depending on the level of kidney function and the presence of co-morbid conditions, including hypertension, diabetes, and cardiovascular disease. The diet of CKD patients should help to slow the rate of progression of kidney failure, reduce uremic toxicity, decrease proteinuria, maintain good nutritional status, and lower the risk of kidney disease-related secondary complications (cardiovascular disease, bone disease, and hypertension). It has been suggested that plant proteins may exert beneficial effects on blood pressure, proteinuria, and glomerular filtration rate, as well as results in milder renal tissue damage when compared to animal proteins. The National Kidney Foundation recommends vegetarianism, or part-time vegetarian diet as being beneficial to CKD patients. Their recommendations are supported by the results of studies demonstrating that a plant-based diet may hamper the development or progression of some complications of chronic kidney disease, such as heart disease, protein loss in urine, and the progression of kidney damage. However, there are sparse reports suggesting that a vegan diet is not appropriate for CKD patients and those undergoing dialysis due to the difficulty in consuming enough protein and in maintaining proper potassium and phosphorus levels. Therefore, this review will focus on the problem as to whether vegetarian diet and its modifications are suitable for chronic kidney disease patients.
Introduction
The main nutrition-related goals for people with chronic kidney disease (CKD) involve the slowing of kidney failure progression rate and minimizing uremic toxicity and metabolic disorders of kidney failure, diminishing proteinuria, maintaining good nutritional status, and lowering the risk of secondary complications including cardiovascular disease, bone disease, and disturbed blood pressure control [1] . However, nutrition requirements differ among patients with various stages of kidney function and with various comorbidities. The influence of diet on outcomes of patients with chronic kidney disease has been widely studied. Undernutrition has adverse effects on CKD patients's prognosis, however, it remains unclear whether the correction of undernourishment can improve clinical outcomes in this group of patients. Also, the role of overnutrition is still not unraveled. According to studies, obesity is a risk factor for the development of kidney disease [2] , but on the other hand, its presence is associated with better survival of CKD patients [3] [4] [5] . Overnutrition is associated with the development of hyperphosphatemia, hyperkalemia, sodium and volume
Protein-Energy Status
In patients with CKD, an appropriate amount of protein is required to avoid both malnutrition and overnutrition. Protein-energy malnutrition in CKD patients is a strong predictor of adverse outcomes. Its prevalence increases linearly with decreasing renal function in non-dialysis patients and may exceed 50% in those undergoing maintenance dialysis therapy [23] . The National Kidney Foundation (NKF) recommends a diet containing 0.6 g protein/kg/day for patients with advanced CKD (glomerular filtration rate <25 mL/min/1.73 m 2 ) and 1.2 g protein/kg/day for patients with end-stage renal disease (glomerular filtration rate <10 mL/min/1.73 m 2 ). In 2007, the National Kidney Foundation: K/DOQI Clinical Practice Guidelines and Clinical Practice Recommendations for Diabetes and Chronic Kidney Disease, recommended the limitation of dietary protein intake to 0.9 g/kg/day in patients with diabetes and CKD stage 2, as it was proved to be beneficial irrespective of established medical therapies [24] . The NKF's 2013 guidelines suggest the reduction in protein intake to 0.8 g/kg/day in adults with diabetes (2C) or without diabetes (2B) and GFR <30 mL/min/1.73 m 2 (glomerular filtration rate (GFR) categories G4-G5), with appropriate education and recommend the avoidance of high protein intake (41.3 g/kg/day) in adults with CKD at risk of progression (2C) [25] . In mild CKD, a low protein diet (≤0.6 g/kg/day) was not recommended by CARI (Caring for Australasians with Renal Impairment) guidelines due to the risk of malnutrition (1C) [26] . Caloric restriction is recommended only in case of overweight/obese patients with CKD. Such persons are encouraged to reduce their body mass index (BMI) to approach the range 18.5-24.9 kg/m 2 and waist circumference ≤102 cm for men and ≤88 cm for women (2C). The summary of guidelines for patients with mild-moderate CKD is presented in Table 1 . Studies on animal models suggest that a vegetarian diet is suitable and nutritionally adequate in CKD [29] [30] [31] . Also, human studies confirm this thesis [32] . The large cohort EPIC-Oxford study assessed nutrient intakes in 33,863 meat-eaters and 31,546 non-meat-eaters [33] . This study revealed that mean energy intake was 5% lower in vegetarians and 14% lower in vegans in comparison to meat-eaters. Moreover, carbohydrate intake was higher in vegetarian individuals (51.2% vs. 46.9% of energy intake), while protein intake was lower (13.1% vs. 16 .0% of energy intake) in comparison to meat-eaters. Although total fat intake was similar in these two groups, the content of polyunsaturated fat was substantially higher in vegetarians, while the percentage of saturated fat was significantly lower in this group [33] . The CKD study by Aparicio et al. [34] demonstrated that in regularly and carefully monitored CKD patients, vegetarian diets with a low or even a very low protein content supplemented with keto-analogues provided a satisfactory nutritional status. No considerable differences in body weight or triceps skinfold thickness were found in patients with diabetes with proteinuria after 8 weeks on a predominantly vegetable protein diet (0.7 g/kg), despite the fact that their previous consumption of total protein per day was higher [35] . In a study by Barsotti et al. [36] , a transition from a traditional 1.0 g to 1.3 g protein/kg/day diet to a 0.7 g protein/kg/day vegan diet was not associated with substantial changes in serum total protein or albumin in patients with diabetes.
Impact on Glomerular Filtration Rate
Higher glomerular filtration rates have been demonstrated in patients with normal renal function on an animal-protein diet in comparison to persons on a vegetable-based diet [37, 38] . Another study of patients on a high-protein diet (1 g/kg/day) of either soy, animal protein, or animal protein diet supplemented with fiber revealed significantly higher renal plasma flow, glomerular filtration rate, and proteinuria in those on the animal protein diet compared to individuals on the soy diet [8] . The transition from mixed animal-vegetable diet (1.0 to 1.3 g/kg/day) to a vegan diet (0.7 g/kg/day) was demonstrated to be associated with a significant decrease in glomerular filtration rate and proteinuria in patients with non-diabetic nephrosis [36] . Due to the change in the amount of consumed protein, it is difficult to assess whether the observed changes were associated with the modification of diet or with the reduced proteins load. However, the results of some studies suggest that the amount of protein is more important than its source in the progression of renal dysfunction. In a small study (eight patients with diabetes, proteinuria, and moderate renal insufficiency) the reduction in glomerular filtration rate was observed both in patients receiving a 1 g/kg animal protein diet and those on a 1 g/kg soy protein diet [37] . Similarly, Knight et al. [39] observed that an increase in protein consumption correlated with a decrease in glomerular filtration rate in women with mild renal insufficiency, irrespective of protein source.
Impact on Phosphorus Levels
In CKD patients, disturbances in mineral metabolism are frequent, and they begin usually at stage 3 and 4. As renal function decreases, the ability of kidneys to excrete phosphorus become more and more reduced. As a consequence, compensatory secondary hyperparathyroidism and elevations in fibroblast growth factor-23 (FGF23) occur in order to increase urinary phosphorus excretion and maintain phosphorus balance [40] . According to studies, hyperphosphatemia is an independent risk factor for mortality in dialysis patients and in patients with stages 3 and 4 CKD [41] . Therefore, phosphate consumption should be restricted in CKD patients. This tends to be difficult for patients on a typical Western diet, due to high phosphate content in dairy products and protein sources [42] . Moreover, in a Western diet, phosphorus amount is increased by the presence of preservatives added to processed and fast foods. According to estimates, the addition of polyphosphates for improving the appearance and shelf life of red and white meat may rise daily phosphorus loads by 300 to 500 mg [43] . Plant-based proteins are richer in phosphorus in comparison to animal proteins, however, the phosphate in plant proteins is only 30%-50% bioavailable, while animal proteins, for example, in milk and cheese, are estimated to be 70%-80% bioavailable. It is associated with high content of phytates in plant-based proteins. Phytates bind phosphorus and prevent its absorption [44] . Therefore, it seems that the consumption of grain-based vegetarian food may be associated with decreased phosphorus absorption compared with meat-or casein-based diets [42] . Animals studies confirm that rats with renal disorders fed with grain-based diet had lower serum phosphorus, urinary phosphorus excretion, and serum FGF23 levels in comparison to rats fed with standard synthetic casein animal diets [31] . Also, studies involving humans underline the importance of phosphate sources in general mineral metabolism. In a study by Moe et al. [42] , patients on a vegetarian diet had lower serum phosphorus levels, a trend toward decreased urine 24-h phosphorus excretion, as well as significantly decreased FGF23 levels in comparison to patients on a meat-based diet, despite the fact that protein and phosphorus concentrations were equivalent in both diets. Also, in a crossover, randomized clinical trial involving patients with advanced diabetic nephropathy, a 65% vegetarian diet reduced albuminuria, urine urea nitrogen, and serum phosphorus levels in comparison to a 70% animal-based diet [45] . Therefore, it seems that a vegetarian diet may be beneficial for CKD patients, since it allows for increased protein consumption without increasing phosphorus levels above the required value. Further studies are required to unravel underlying mechanisms.
Impact on Insulin Resistance
Insulin resistance is a frequent disorder in patients with CKD. According to studies, it is closely associated with atherosclerosis [46, 47] , coronary heart disease (CHD) [48] , incident CHD [49] , incident stroke [50] , and cardiovascular mortality in the general population [51, 52] and it is considered to be an independent predictor of cardiovascular mortality in patients with various stages of CKD [53] , as well as in those on maintenance dialysis [54] . Insulin resistance also plays an important role in the pathogenesis of protein-energy wasting in CKD patients [55] . According to studies, vegetarians seem to be more insulin sensitive than omnivores, and the degree of this sensitivity is associated with the period on vegetarian diet [56, 57] . Other studies [8] reported the improvement in insulin sensitivity and reduction in fasting serum insulin levels, blood glucose levels, and endogenous glucose production in CKD patients on a vegetarian diet.
Impact on Metabolic Acidosis
In chronic kidney disease, dietary acid load may result in acidosis, despite a normal serum bicarbonate concentration [58] . Metabolic acidosis is quite a common complication observed in CKD patients, which stimulates endocrine, metabolic, and musculoskeletal abnormalities [32, 59] . This state is aggravated by the consumption of large quantities of red meat and the consequent formation of fixed acids and acid-producing cationic amino acids. Vegetarian food contains plenty of organic bicarbonate-producing anions, including citrate, lactate, etc., and therefore it yields an alkaline load [60] . In the Dietary Approaches to Stop Hypertension (DASH) study, the comparison of a control diet with macronutrient and mineral content similar to average US consumption with a fruit and vegetable diet (sweets and grains were replaced with fruits and vegetables) revealed that the latter yielded considerably diminished dietary acid load (net endogenous acid production of 78 mEq/day vs. 31), despite comparable protein intake [61] . A study by Goraya et al. [62] reported that fruit and vegetable intake reduced net acid excretion by approximately one-third and was comparable to the administration of 0.5 mEq/kg/day of sodium bicarbonate. Moreover, the implementation of base-inducing fruits and vegetables into the diet has been demonstrated not only to reduce dietary acid load, but also to decrease proteinuria and blood pressure in patients with macroalbuminuric hypertensive nephropathy and stage 2 CKD, thus resulting in the hampering of CKD progression [62] . However, there is still a need for a large study with hard outcomes, assessing the safety and benefits of a foods-based approach to diminish dietary acid load in patients with early to moderate chronic kidney disease [63] .
Cardiovascular Risk Factors
Advanced glycation end products (AGEs) and inflammatory cytokine concentrations are frequently elevated in patients with CKD [7, 64] . This group of patients are susceptible to numerous inflammatory diseases, including cardiovascular disease, atherosclerosis, and stroke. A vegetarian diet is associated with cardiovascular benefits due to lower BMI, blood pressure, occurrence of hypertension, risk of type II diabetes (or improved glycemic control in diabetic and insulin-resistant individuals), and improved lipid profile in patients consuming plant-based food [65] . Animal foods are sources of saturated fat, while plant-based foods contain much less fat, and mainly monounsaturated and polyunsaturated fats. Fats contained in plants have cardioprotective properties, in contrast to that contained in animal foods. Animal products are lacking fibers and phytochemicals, which are known to be protective to vascular system [65] . While whole grain rice contains a lot of fibers, proteins, and no fat, an ounce of meat contains much more protein than plant food, no fibers, and plenty of saturated fats. Plant-based diets are rich not only in anti-inflammatory components, but also have a high capacity to neutralize free radicals (high oxygen radical absorbance capacity score; ORAC) [66] .
The large EPIC-Oxford study demonstrated that age-adjusted mean BMI was highest in individuals on a meat-based diet, while the lowest values were observed in vegans [33] . Several studies reported the lowering of blood pressure values following the shift from a meat-based diet to a vegetarian diet [61, 67] . Moreover, in a study by Mukkuden-Petersen et al. [68] , the reduction in total cholesterol (TC) and low-density lipoprotein (LDL) cholesterol in vegetarians were observed in comparison to those on a meat diet. The switch from a meat to vegetarian diet also proved to be beneficial for normolipidemic and hyperlipidemic persons, since it decreased TC and LDL cholesterol levels. The correction of lipid profiles in vegetarians is associated with the high content of unsaturated fatty acids present in nuts, soy, and plant sterols [69] . There are numerous studies confirming cardiovascular benefits of a vegetarian diet. A 25% lower risk of cardiovascular disease (CAD) was observed in women who consumed nearly three servings of whole grains a day in comparison to those who ate less than one serving per week [70] . Whole grain consumption has been also demonstrated to reduce the risk of ischemic stroke, independently of known CAD risk factors (multivariate relative risk (RR) comparing the highest with the lowest quintile of intake: 0.69; 95% confidence interval (CI): 0.50, 0.98) [71] . A large Finnish study reported an inverse relationship between intake of vegetables and risk of both coronary artery disease and cardiovascular deaths [72] . In the multivariate analysis of RRs for CAD death, in which the highest and lowest tertiles of intake were compared, the following results were obtained: 0.66 (95% CI: 0.46-0.96; p = 0.02) for men and 0.66 (95% CI: 0.35-1.23; 0.35) for women (in case of vegetables) and 0.77 (95% CI: 0.52-1.12; p = 0.28) for men and 0.66 (95% CI: 0.36-1.22; p = 0.1) for women (in case of fruits) after the adjustment for age, smoking, serum cholesterol, hypertension, body mass index, and energy intake [72] . A meta-analysis of results of five prospective studies involving over 750,000 patients demonstrated 24% lower mortality from ischemic heart disease in vegetarians compared to non-vegetarians (death rate ratio: 0.76; 95% CI: 0.62, 0.94; p < 0.01) after over 10 years of follow-up [63] . The reduction in risk negatively correlated with the duration of the diet and compliance. However, in this study no association between a vegetarian diet and other major causes of death was found [63] . The abundance of nutrients and compounds exerting positive effects on cardiovascular system makes it impossible to determine the exact nutrients that are responsible for cardioprotection in a vegetarian diet.
Other Effects
Soy consumption has been demonstrated to be beneficial in patients with chronic kidney disease, due to cardiovascular protection, decreased proteinuria, and cancer prevention [7, 73] . A meta-analysis of nine trials involving 197 subjects demonstrated that the intake of soy protein significantly reduced serum creatinine (mean difference −6.231 µmol/L; 95% Cl: −11.109, −1.352 µmol/L; p = 0.012) and serum phosphorus concentrations (−0.804; 95% CI: −1.143, −0.464 µmol/L; p = 0.00) [74] . Moreover, it considerably reduced serum triglycerides (TG) (−0.223 mmol/L; 95% CI: −0.396, −0.051 mmol/L; p = 0.011) without affecting TC or Ca levels.
In vegetarian patients undergoing hemodiafiltration (HDF), the levels of indoxyl sulfate (IS) and p cresyl sulfate (PCS) (protein bound toxins that accumulate in CKD) were also demonstrated to be lower [75] . The authors suggested that a vegetarian diet might potentially reduce IS and PCS production by the intestinal microbiome. Moreover, they observed lower pre-on-line HDF serum urea and phosphate (13.8 ± 3.8 vs. 18.4 ± 5.2 mmol/L, and 1.33 ± 0.21 vs. 1.58 ± 0.45 mmol/L; p < 0.05) as well as estimated urea nitrogen intake (1.25 ± 0.28 vs. 1.62 ± 0.5 g/kg/day; p < 0.05), respectively.
The effect of a vegetarian diet in CKD patients has been examined in a few clinical trials. Specialized vegetarian diet in patients with 3 and 4 stage CKD was associated with the maintenance or increase in body weight, serum total protein, serum albumin, and transferrin in comparison to patients on a conventional low-protein diet [36] . The comparison of vegetarian hemodialysis patients with non-vegetarian ones did not reveal any significant differences in serum albumin or prealbumin. However, serum phosphorus and parathyroid hormone were found to be significantly lower in the vegetarian group [76] . In a study in which hemodialysis patients were first on a vegetarian diet for a week and then, after 2-4 weeks of washout, were switched to a meat diet, significantly lower plasma phosphorus was noted in those on the plant-based diet (mean (standard deviation, SD) serum phosphorus 3.7 (0.6) after a meat-based diet vs. 3.2 (0.5) after a vegetarian diet, p = 0.02) [42] . Moreover, Moe et al. [42] revealed significantly lower FGF23 (which is a sensitive marker of phosphorus metabolism changes) in HD patients on a vegetarian diet.
The Safety of Vegetarian Diet
A vegetarian diet was also suggested to be a safe option for pregnant patients with CKD. Due to the fact that pregnancy induces hyperfiltration, diets with restricted amount of protein should be beneficial in this group of patients [77] . In the study by Piccoli et al. [77] , pregnant patients with severe kidney impairment and/or nephrotic proteinuria were placed on a vegetarian diet in which protein amount was compromised between the goal of diminishing hyperfiltration and increased metabolic needs of pregnancy. Although in their study no beneficial effects of diet were observed, there were also no negative effects of vegetarian diet assessed on the basis of baby health outcomes. A supplemented vegetarian low-protein diet (0.6-0.7 g/kg per day) turned out to be sufficient for the maintenance of satisfactory nutritional status during the pregnancy and after delivery, even in breast-feeding women. Moreover, most of the children of the vegetarian women had normal intrauterine growth and developed normally between 1 month and 7.5 years from delivery [77] . The review of the results obtained during 15 years of treatment of pregnant CKD women on moderately restricted low-protein diets confirms that such a diet is a safe option in the management of pregnant CKD patients [78] . A trend towards better preserved fetal growth was observed. Results of animal studies suggest that the beneficial effects of vegetable proteins and supplementation with ketoacids is associated with endothelium protective properties of ketoacids in rats with kidney disease and a decrease in the risk of CKD in the offspring of rats with genetic kidney diseases that are fed a soy rich diet [79, 80] .
Vegetarian diet supplemented with a very-low-protein diet was also demonstrated to be safe for pre-dialysis patients, since it exerted no detrimental effect on the short-and long-term outcomes of patients, even those already on renal replacement therapy [81] . A prospective, randomized, controlled trial of the safety and efficacy of a ketoanalogue-supplemented vegetarian very low-protein diet (KD; 0.3 g/kg vegetable proteins and 1 cps/5 kg ketoanalogues per day) revealed the correction of metabolic abnormalities, no changes in nutritional parameters, and no adverse reactions in non-diabetic adults with stable Egfr <30 mL/min per 1.73 m 2 . Therefore, the authors stated that a KD diet was nutritionally safe and could postpone dialysis initiation in some patients with CKD [82] . In dialysis patients, a vegetarian diet was associated with lower serum blood urea nitrogen, creatinine, muscle mass, BMI, and inflammatory marker levels, however, they required a higher erythropoietin dose. The comparison of albumin, prealbumin, muscle strength, subjective global assessment, and activities of daily living between vegetarian HD patients and non-vegetarian HD patients revealed no differences between these two groups [76] . The results of studies suggest that a vegetarian diet, even when combined with low protein intake, appears to be suitable for CKD patients and to provide adequate nutrition; however, it should be implemented following appropriate planning and consultation with dietician. Patients with potassium concerns should avoid potassium-rich plant proteins, such as seitan or tofu, and replace them with nuts or soy beans.
Conclusions
On the basis of the presented results, it seems that a vegetarian diet provides adequate nutrition and exerts numerous beneficial effects. The impact of a vegetarian diet is summarized in Table 2 . A well-planned vegetarian diet is associated with cardiovascular benefits and the correction of CKD-accompanying complications. Its benefits are associated with the large amounts of dietary fibers, n-6 fatty acids, folic acid, potassium, magnesium, vitamin E, vitamin C, and carotenoids, as well as the many phytochemicals contained. Moreover, patients who decide to switch to a vegetarian diet may also adopt other good lifestyle practices, including higher levels of physical activity, refraining from smoking, and decreased consumption of alcohol. Due to the fact that a vegetarian food contains less proteins in comparison to a meat-based diet, it seems to be good for CKD patients. However, reports concerning the influence of a vegetarian diet on the progression of renal failure are still conflicting. According to some studies, the consumption of a vegetarian diet slows down the progression of renal injury, while others indicated that high protein intake is likely to accelerate CKD progression independently of the source of proteins (plant or animal). Therefore, a vegetarian diet may be beneficial due to the associated cardioprotective, anti-oxidant, and lipid-lowering properties, however, it has to meet protein requirements to provide adequate nutrition in CKD patients. Due to the fact that some of the beneficial effects of a vegetarian/vegan diet may also be confounded by a healthier lifestyle, the adoption of a vegetarian/vegan diet seems to be an option for some CKD patients. Table 2 . The summary of results of described studies.
Country
Diet/Groups Time Outcome Reference
UK/Italy
Healthy individuals fed with vegetable protein diet (n = 10), an animal protein diet (n = 10), or an animal protein diet supplemented with fiber (n = 7). All diets contained the same amount of total protein. USA Nine patients with a mean estimated GFR of 32 mL/min.
Comparison of vegetarian and meat diets 1 week 1 week of a vegetarian diet led to lower serum phosphorus levels and decreased FGF23 levels. Plasma phosphorus (mg/dL) before meat consumption 3.5 ± 0.6 and after it 3.7 ± 0.6; plasma phosphorus (mg/dL) before vegetarian diet 3.5 ± 0.6 and after it 3.2 ± 0.5; p = 0.02. Plasma intact PTH (pg/mL) before meat 58 ± 31, after meat 46 ± 29, before vegetarian diet 58 ± 39, and after it 56 ± 30, p = 0.002. Plasma FGF23 (pg/mL) before meat 72 ± 39 and after it 101 ± 83; before vegetarian diet 84 ± 65 and after it 61 ± 35, p = 0.008.
[42]
Isfahan, Iran 14 patients (10 men and 4 women). Group 1-0.8 g/kg protein (70% animal and 30% vegetable proteins) Group 2-diet with the same amount of protein with 35% animal protein, 35% soy protein, and 30% other vegetable proteins.
weeks
Consumption of soy protein reduced urinary urea nitrogen (−0.9 ± 0.8 vs. 0.2 ± 0.6 mg/dL, respectively, SD; p < 0.001), proteinuria (−78 ± 37 vs. 42 ± 39 mg/day, respectively, SD; p < 0.001), blood sodium (−2 ± 0.04 vs. 2.0 ± 0.06 mg/dL, respectively, SD; p < 0.01), and serum phosphorus (−0.03 ± 0.2 vs. 0.2 ± 0.3 mg/dL, respectively, SD; p < 0.01) compared with animal protein [45] Hualien [ 
